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We have developed a novel integrated platform for liquid photonics based on liquid core optical
fiber (LCOF). The platform is created by fusion splicing liquid core optical fiber to standard single-
mode optical fiber making it fully integrated and practical - a major challenge that has greatly
hindered progress in liquid-photonic applications. As an example, we report here the realization
of ultralow threshold Raman generation using an integrated CS2 filled LCOF pumped with sub-
nanosecond pulses at 1064nm and 532nm. The measured energy threshold for the Stokes generation
is ∼ 1nJ, about three orders of magnitude lower than previously reported values in the literature
for hydrogen gas. The integrated LCOF platform opens up new possibilities for ultralow power
nonlinear optics such as efficient white light generation for displays, mid-IR generation, slow light
generation, parametric amplification, all-optical switching and wavelength conversion using liquids
that have orders of magnitude larger optical nonlinearities compared with silica glass.
PACS numbers: 42.81.-i, 42.82.-m, 42.65.Dr, 78.30.C-
The liquid state of matter is widespread in nature and
possesses outstanding optical properties. For that reason,
researchers have been attempting to harness liquids (or
fluids) for different applications in photonics [1, 2]. How-
ever, it is quite difficult at the moment to find a real appli-
cation in photonics that is based on this state of matter.
The reason is the lack of suitable practical technology
that allows working with long path-length liquids without
the typical problems associated with diffraction, loss, and
maintaining high intensity over the length. Liquid-core
optical fiber (LCOF) was recognized very early [3, 4] as
a great platform to investigate and explore optical prop-
erties of liquids. LCOF is normally created by filling a
small capillary with an appropriate liquid which should
be transparent at the wavelength of interest and have
a refractive index slightly higher than that of the cap-
illarys material to provide optical waveguiding via total
internal reflection. Hollow-core photonics crystal fibers
(HC-PCF) are also interesting structures where liquids or
gases have been filled into the region around the hollow-
core. Several interesting applications of HC-PCF have
been recently investigated [5–8]. These devices (LCOF
and HC-PCF) make long interaction length with high
optical field confinement possible, helping to enable non-
linear optical effects at extremely low power levels. Many
interesting applications of LCOF have also been pro-
posed and reported in the literature [9–13]. These prior
works demonstrated the great potential of LCOF. How-
ever, early experiments required free space alignment to
launch the light into the core of the LCOF rendering the
use of liquid unpractical. Thus, even though promising
results were obtained, the full potential of liquid photon-
ics were not realized due to the lack of best performance
and it has not been used in real applications. Here, we
show that low loss fusion splicing of liquid core optical
fiber to standard single-mode optical fiber not only re-
sults in an integrated practical and compact set-up but
also it leads to about three-orders of magnitude better
nonlinear performance compared with early experiments
[5, 7]. As an example, we demonstrate ultra-low thresh-
old of ∼ 1 nJ stimulated Raman scattering in an inte-
grated CS2 filled LCOF pumped with sub-nanosecond
pulses at 1064nm and 532nm compared with 800 nJ in
prior experiments [5, 7].
There are two suitable platforms that provide long
interaction length and strong field confinement namely
capillary tubing or HC-PCF. Generally, working with a
liquid filled HC-PCF or capillary requires free space cou-
pling into the small guiding core. It would be desirable to
be able to splice these specialty fibers to standard single-
mode fiber while still being able to fill the liquid of inter-
est into the hollow region. To date, we have tried several
different approaches to achieve this. Mechanical splicing
is simple (there is always a small gap between the fibers
for liquid access) but the structure is not very stable and
the insertion loss is normally quite high. Femtosecond
laser drilling after a regular splice is another interesting
approach but creates small debris that could block the
capillary creating significant power loss. The best ap-
proach that we have found so far is splicing standard
single-mode fiber to the capillary while leaving a small
gap for liquid access (see below).
In our experiments, we use fused silica capillaries.
They have different inner tube diameters (10 µm, 5 µm
and 2 µm), the outer diameter is around 125 µm match-
ing well with standard single-mode fibers. To perform the
splice, the capillary is cleaved at zero degrees (a straight
angle) but the standard fiber is cleaved with an angle
of ∼ 3-10 degrees (which helps to create a small gap af-
ter the fusion splice for liquid access). By optimizing
the parameters of the heat source hole-collapse could be
avoided and a relatively strong joint with a small gap for
liquid access could be formed [Fig. 1(a)]. We have made
a similar splice of SMF28 to another segment of SMF28
2100mm100mm
a b
d
c
e
gap-splice
m
ic
ro
sc
op
e
sl
id
e
standard
single-mode
fiber
LCOF
bottomless
glass vial
liquid access
Scotch tape
LCOF
standard
single-mode
fiber
epoxy glass vial
filled with
CS2
standard
single-mode
fiber f
laser
dichroic (or IR)
filterλ/2PBS
PD
gold-coated
mirror
to OSA
LCOF
MO
FIG. 1. (color online). Integrated LCOF preparation and stimulated Raman generation setup. a, Gap-splice between Corning
SMF28 (left) and a 10m core LCOF (right). b, Gap-splice between two segments of Corning SMF28. c, Liquid access port
assembly. d, Photograph of an integrated 1m long LCOF filled with CS2. e, Schematic of an integrated LCOF filled with CS2.
f, Schematic diagram of the experimental setup. PBS: polarizing beam splitter; MO: microscope objective; PD: photodiode;
OSA: optical spectrum analyzer.
[Fig. 1(b)] and the loss of the transition was measured
to be only around 0.1 dB. This indicates that the small
gap left after the splice does not create appreciable loss.
Due to the fact that the fibers are fused only in a small
area the joint is not as strong as a standard fusion splice.
However, the structure could be handled and transported
(with some care) to a holder (access port) where it can be
fixed permanently using an appropriate epoxy [Fig. 1(c)].
A similar gap-splice is made at the other end of the cap-
illary tubing at a certain length to create the second ac-
cess port for liquid filling. After filling with the liquid
the access ports could be sealed and the structure re-
mains stable for weeks [Figs. 1(d)-1(e)]. This technique
integrates LCOF with standard optical fiber in a com-
pact and stable package without the need for free space
alignment or complicated liquid handling procedures. We
have successfully used these devices in a few applications
including Raman spectroscopy, supercontinuum genera-
tion and low threshold Raman generation, as described
below.
Stimulated Raman scattering (SRS) is a nonlinear op-
tical process in which an incoming photon interacts with
a coherently excited system resulting in generation of new
frequencies with very high conversion efficiency. SRS is
useful in wavelength conversion, amplification, genera-
tion of ultra-short (atto-second) optical pulses [14–18],
precision spectroscopy and microscopy [19–21]. SRS oc-
curs when the pump power reaches a certain threshold to
provide enough gain for the Stokes wave. The threshold
peak power can be estimated using the following simple
formula [22]
P thr = 16Aeff/(gRLeff), (1)
where in the present case the effective area is Aeff =
3.14 · 10−12m2, the Raman gain coefficient for CS2 is
gR = 1.25 · 10
−10m/W at 532 nm [23], and the effective
interaction length is Leff = 1m.
We used a frequency doubled microchip laser (JDSU)
that emits sub-nanosecond (∼ 500ps) Q-switched pulses
as the pump source. The repetition rate of the source is ∼
1.5kHz. The laser beam is coupled into a short piece (1m)
of Corning HI1060 fiber using a microscope objective and
translation stages as shown in Fig. 1(f). The coupling
efficiency is ∼ 50%. The coupled power into the standard
fiber is adjusted using a combination of a half waveplate
and a polarizing beam splitter. For experiments in the
visible, an IR filter is used to remove the residual 1064nm
pulses. For experiments using 1064nm wavelength, the
IR filter is replaced by a dichroic filter to remove the
visible green beam.
After the coupling step, light is launched into the in-
tegrated LCOF by simply splicing to the HI1060 fiber
at one end. Figure 2(a) shows the evolution of the laser
output after propagating through the CS2 filled LCOF.
Several orders of Stokes Raman generation are seen as
the pump power is increased. The threshold of stimu-
lated Raman generation is at an extremely low pump
pulse energy of ∼ 1nJ. This energy threshold is near
three orders of magnitude lower than the value reported
for hydrogen filled HC-PCF of similar length [5]. The
ultralow threshold observed in our experiment can be at-
tributed to the unprecedented confinement of the optical
field (∼ 2micron core size), the long propagation length
(∼ 1m), and the large Raman gain coefficient of CS2.
Using Eq. (1), we obtain an estimated threshold pump
peak power of 0.4W at 532 nm pump wavelength which
is consistent with the low-power threshold observed ex-
perimentally (2 W). We obtain the same threshold value
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FIG. 2. (color online). Experimental and simulation results for 532nm pumping. Measured a) and calculated b) evolution of
the output spectrum as the pump pulse energy is increased, for a pump wavelength of 532 nm. Inset of a): Photograph of the
Raman lines separated in space using a prism.
when we numerically solve the coupled amplitude equa-
tions in the picosecond regime [22].
In Fig. 2(a), up to 6 orders of stimulated Raman scat-
tering are generated at only ∼ 12nJ of coupled pump
pulse energy. We expect to see more Raman lines at
higher pulse energies but they would be out of the mea-
surement range of the OSA. We also observed broadening
of the higher order Stokes lines. Broadening of stimu-
lated Raman lines was also observed and explained by
N. Bloembergen in Ref. [24]. Detailed understanding of
the difference in the level of broadening for different or-
ders is quite complex and is beyond the scope of this
paper.
In the inset of Fig. 2(a), we nicely see multiple Raman
lines that are separated in space using a prism made of
SF10 glass. Due to the strong residual absorption of CS2
at 532nm we observed gradual reduction in transmission
of the pump light due to heating. The capillary was even-
tually (in matter of ∼ 30 minutes) blocked and re-splicing
of the fibers was required to observe the stimulated Ra-
man generation process again. This thermally induced
degradation was not observed when the fiber was pumped
at 1064nm even at the highest available pulse energy (∼
300nJ) for a few weeks.
Calculations of the higher-order Stokes generation are
carried out based on the coupled equations presented in
Refs. [25, 26]. Explicitly, these coupled equations read
∂Ap
∂z
= −
gp
2
|As,1|
2Ap, (2)
∂As,l
∂z
=
gs,l
2
|As,l−1|
2As,l −
gs,l
2
|As,l+1|
2As,l
(l = 1, . . . ,M − 1;As,0 ≡ Ap), (3)
∂As,M
∂z
=
gs,M
2
|As,M−1|
2As,M . (4)
The wavelength-dependent normalized [with respect to
the effective area g = gR/Aeff ] Raman gain coefficients
gp and gs,l for the space-time dependent pump Ap(z, t)
and each Stokes line As,l(z, t) up to the Mth order en-
ter, respectively, while dispersion and nonlinearities have
been neglected as a good approximation due to the long
pump duration. Figure 2(b) shows the calculated output
spectra for increasing pump pulse energies. We notice
that the number and position of Raman lines and their
relative heights are well reproduced by theory. We ob-
serve that up to 6 Raman orders are visible at a pump
pulse energy of ∼ 2 nJ. At lower pulse energies, only
lower-order Raman lines are present, in good agreement
with the experiment [Fig. 2(a)]. The difference between
experiment and theory can be explained by the varia-
tion of the core size along the fiber, uncertainties in the
Raman gain coefficient and the partially polarized input
pump (due to propagation through a long segment of
non-polarization preserving fiber).
The measured energy corresponding to the genera-
tion of different orders of stimulated Raman scattering
is shown in Fig. 3(a). The threshold energy for the 1064
nm pump wavelength is higher than in the case of the
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FIG. 3. (color online). Pulse energy threshold for generation
of different Raman orders. The measured a) and calculated b)
pulse energies corresponding to generation of different orders
of Raman generation.
532nm pump, which is expected since the Raman gain
coefficient is lower at longer wavelength [22, 27]. Fig-
ure 3(b) shows the corresponding calculations which are
in good agreement with Fig. 3(a). We observe a linear de-
pendence in the theory as observed in experiment for low
pump powers [Fig. 3(a)]. The deviation from the linear
dependence as seen in the experimental data [Fig. 3(a)]
at higher pump powers is conjectured to come from the
higher absorption loss (due to water contamination) at
longer wavelengths, or possibly reduced confinement and
hence increased effective area for the longer wavelength
Raman lines.
The reduction of Raman threshold power in LCOF
should allow the use of low cost diode pumped lasers
to create new frequencies. For example, we can envi-
sion the use of this platform to generate the required
laser lines (red, green and blue) for future color TV dis-
play. Atto-second pulse generation via stimulated Ra-
man scattering should also benefit from the low power
threshold demonstrated here as well. The development
of integrated LCOF is likely to lead to rapid progress
of other important applications in nonlinear optics such
as supercontinuum generation, mid-IR generation, slow
light, all-optical switching and wavelength conversion.
The prospects from practical liquid photonics appear to
be quite bright. We further note that the recent devel-
opment of organic materials [28] with tremendous molec-
ular hyper-polarizability (1000xCS2) provides a route to
pJ level operating energies. In addition, the gap-splicing
technique reported here can be used with HC-PCF to
open up the possibility of changing the gas under inves-
tigation on the same platform. This should be useful in
applications involving gas sensing or breath analysis [29].
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